Introduction
============

Peach, the third most important temperate tree fruit species, was domesticated in China, from where it was dispersed to Europe, Africa and America (Byrne *et al*., [@b12]). Ample phenotypic diversity exists within the cultivated peach germplasm for various characteristics, including color, and consequently many cultivars of peaches are grown successfully in various climatic and geographic regions. Flesh color, one of the most popular commercial criteria for peach classification, has implications for consumer acceptance and nutritional quality (Gil *et al*., [@b20]), and improved cultivars of both flesh types are actively sought (Williamson *et al*., [@b56]). Certainly, the total carotenoid content is much higher in yellow-fleshed cultivars than in white-fleshed ones, with yellow-fleshed peaches exhibiting higher quantities of β--cryptoxanthin and β--carotene at harvest (Gil *et al*., [@b20]; Vizzotto *et al*., [@b54]; Brandi *et al*., [@b10]).

Carotenoids are a class of ubiquitous pigments involved in plant photoprotection. Moreover, they are important in the pigmentation of flowers and fruits to attract animals for pollination and seed dispersion (Moise *et al*., [@b38]), and play an important role in human appeal and health, providing a significant contribution to dietary intake of antioxidants (de la Rosa *et al*., [@b45]). Thus, the events that lead to pigment formation and degradation into compounds affecting the color, nutritional value and aroma of fruits and vegetables have important economic implications (Lewinsohn *et al*., [@b34]). Moreover, knowledge of the genetics and variability of characters related to fruit quality determines our ability to manipulate them to obtain more attractive and healthier fruits for the consumer (Illa *et al*., [@b27]). The genetic basis of variation in fruit color has been widely studied in several species of fleshy fruits, such as tomato (*Solanum lycopersicum*; Ballester *et al*., [@b5]; Kachanovsky *et al*., [@b28]), pepper (*Capsicum annuum*; Brand *et al*., [@b9]; Rodriguez-Uribe *et al*., [@b43]), orange (*Citrus sinensis*; Butelli *et al*., [@b11]) and grape (*Vitis vinifera*; Kobayashi *et al*., [@b32]; Shimazaki *et al*., [@b48]).

Various regulatory mechanisms affecting pigment content have been recognized in plant organs that accumulate carotenoids (Cazzonelli and Pogson, [@b14]). In many cases, their steady-state levels are determined by the rate of biosynthesis, and various steps have been identified that control the biosynthetic pathway in this manner. In tomato fruit, accumulation of lycopene is highly correlated with the regulation of genes involved in lycopene production (Bramley, [@b8]). In Arabidopsis and maize (*Zea mays*), the phytoene synthase enzyme appears to be responsible for the regulation of carotenoid biosynthesis (Li *et al*., [@b35]; Rodriguez-Villalon *et al*., [@b44]). In addition, a recent study suggested that expression of lycopene ε--cyclase and carotene isomerase is significant in predicting final carotenoid accumulation in mature apple fruit (*Malus domestica*; Ampomah-Dwamena *et al*., [@b1]). On the other hand, studies in strawberry (*Fragaria × ananassa*), grape and *Citrus* fruits, as well as *Chrysanthemum* petals and potato tubers (*Solanum tuberosum*), have all demonstrated that the pool of carotenoids is determined by the rate of degradation by carotenoid cleavage dioxygenases (Giuliano *et al*., [@b21]; Mathieu *et al*., [@b37]; Kato *et al*., [@b29]; Ohmiya *et al*., [@b39]; García-Limones *et al*., [@b19]; Huang *et al*., [@b26]; Campbell *et al*., [@b13]) (Figure [1](#fig01){ref-type="fig"}).

![Schematic representation of the carotenoid biosynthetic pathway in plants.\
The activities of the carotenoid cleavage dioxygenases 1 and 4 (CCD1 and CCD4) according to Huang *et al*. ([@b26]) are shown. Although CCD1 and CCD4 enzymes cleave carotenoids at the same positions (9,10 and 9′,10'), CCD4 enzymes are more substrate-specific than CCD1. Moreover, the CCD1 enzymes are located in the cytoplasm, while CCD4 enzymes are located in plastids.](tpj0076-0175-f1){#fig01}

It is well-known that peach flesh color is controlled by a single locus (*Y*) mapping to linkage group 1 (Bliss *et al*., [@b7]), with white flesh dominant over yellow flesh (Connors, [@b15]; Bailey and French, [@b4]). Recently, the locus was fine-mapped in a high-density SNP linkage map (Martinez-Garcia *et al*., [@b36]), and located in an interval of approximately 500 kb (scaffold_1: 25 584 537--26 004 830) in the Peach v1.0 assembly (Verde *et al*., [@b52]). Remarkably, a recent study demonstrated no significant differences in the expression levels of carotenoid biosynthetic genes between white- and yellow-fleshed peach cultivars, and a gene encoding a carotenoid cleavage dioxygenase (CCD) was proposed to be the major factor responsible for carotenoid degradation in white peaches (Brandi *et al*., [@b10]). However, the *Y* gene has not yet been identified, and its function remains to be elucidated. The goal of the present study was to investigate the genetic basis for the carotenoid content diversity in yellow- and white-fleshed peach cultivars. Taking advantage of the availability of the peach genome sequence produced by the International Peach Genome Initiative (Verde *et al*., [@b52]) (<http://www.rosaceae.org/species/prunus_persica/genome_v1.0>, <http://www.phytozome.net/peach>), we performed *in silico* and *in vivo* analysis on several peach varieties that differ with respect to flesh color.

Results
=======

Analysis of a carotenoid cleavage dioxygenase gene (PpCCD4) on linkage group 1
------------------------------------------------------------------------------

Our research focused on identification of a gene encoding a carotenoid cleavage dioxygenase enzyme, as a good candidate for contributing to color development in flesh tissues (Bliss *et al*., [@b7]; Brandi *et al*., [@b10]; Martinez-Garcia *et al*., [@b36]). Homology-based searches allowed identification of a predicted gene (ppa006109), located in pseudomolecule 1 in the peach genome sequence, encoding a protein showing 86% identity with CCD4 of *Malus domestica*. We named this gene *PpCCD4*.

Comparison between the *PpCCD4* deduced amino acid sequence and CCD4s from other species indicated that the predicted peach protein was probably incomplete, lacking the N--terminus (Figure [2](#fig02){ref-type="fig"}). Therefore, a manual annotation was performed in the region, enabling identification of a putative start codon 512 bp upstream of the predicted one. Interestingly, the gene sequence in the yellow-fleshed dihaploid 'Lovell' PLov2--2N, used for production of the reference sequence, contained a hypervariable (TC)~8~ microsatellite 47 nucleotides downstream of the start codon, where a frameshift mutation may be responsible for the incomplete protein prediction. The microsatellite within the *CCD4* gene sequence (EPPISF25) was previously isolated (Vendramin *et al*., [@b50]) in an EST obtained from peach mesocarp of 'Yumyeong' (accession number DN677210).

![UPGMA consensus tree and amino acid sequence comparison of CCD4 proteins of various plant species.\
Left: amino acid sequence alignment of species closely related to peach. Gray-shaded amino acids represent the N--terminus of the manually predicted protein that is not present in the automated prediction of the peach genome sequence v1.0. The conserved four iron-ligating histidine (H) residues, and the glutamates (E) or aspartates (D) giving stability to the complex, are indicated (blue and red, respectively).\
Right: phylogenetic tree showing bootstrap support at critical nodes as percentages. PpCCD4, *Prunus persica* (ppa006109); MdCCD4, *Malus domestica* (ABY47995); RdCCD4, *Rosa damascena* (ABY60886); CcCCD4a, *Citrus clementina* (ABC26011); AtCCD4, *Arabidopsis thaliana* (NP_193652); PsCCD4, *Pisum sativum* (BAC10552); VvCCD4a, *Vitis vinifera* (XP_002268404); OsCCD4, *Osmanthus fragrans* (ABY60887); CmCCD4a, *Chrysanthemum morifolium* (ABY60885); CmCCD4b, *Chrysanthemum morifolium* (BAF36656); LsCCD4, *Lactuca sativa* (BAE72094); VvCCD4b, *Vitis vinifera* (XP_002270161); OsCCD4b, *Oryza sativa* (ABA97976); HvCCD4, *Hordeum vulgare* (AK248229); OsCCD4a, *Oryza sativa* (NP_001047858); CcCCD4b, *Citrus clementina* (ABC26012); VvCCD4c, *Vitis vinifera* (XP_002269538); AtCCD1, *Arabidopsis thaliana* (NP_191911).](tpj0076-0175-f2){#fig02}

After removing two base pairs from the microsatellite region, the *PpCCD4* gene sequence consisted of 2003 bp, including two exons of 696 and 1098 bp in length and an intron 209 bp long, resulting in a protein of 597 amino acids. Comparison of PpCCD4 with CCD4s from 11 other species revealed that the peach predicted protein exhibits strong similarity to many other CCD4 proteins, grouping with MdCCD4 and RdCCD4, and showing highest similarity with the apple protein (Figure [2](#fig02){ref-type="fig"}). As for other CCD4 proteins, PpCCD4 contains four highly conserved histidine residues, typical ligands of a non-heme iron co-factor required for (di)oxygenase activity, and conserved glutamates or aspartates that are used to stabilize iron-ligating histidines (Huang *et al*., [@b26]) (Figure [2](#fig02){ref-type="fig"}). In addition, PpCCD4 displayed a predicted chloroplast transient peptide in its N--terminal region (Table [S1](#sd4){ref-type="supplementary-material"}), supporting a plastid localization characteristic of CCD4 enzymes (Rubio *et al*., [@b46]).

Association between PpCCD4 genotypes and flesh color in peach varieties
-----------------------------------------------------------------------

Based on previous observations (Connors, [@b15]; Bliss *et al*., [@b7]; Brandi *et al*., [@b10]; Martinez-Garcia *et al*., [@b36]), we undertook a detailed analysis of the *PpCCD4* locus variation under the assumption that white-fleshed fruits possess at least one copy of a properly functioning dominant allele, and that yellow-fleshed fruits are homozygous for recessive loss-of-function mutations.

We initially analyzed 35 peach genotypes (21 yellow-fleshed and 14 white-fleshed) (Table [1](#tbl1){ref-type="table"}) for sequence variation in the locus using a combination of microsatellite genotyping, cloning or direct Sanger sequencing of PCR products, and whole-genome Illumina resequencing (Verde *et al*., [@b51], [@b52]), focusing on the above-described hypervariable microsatellite region. Two allelic variants were observed (Table [1](#tbl1){ref-type="table"}), with fragment lengths compatible with the presence of seven and eight dinucleotide repeats, respectively. Remarkably, *in silico* translation of the eight repeat*-*containing allele resulted in a truncated protein, due to the presence of an early stop codon (Figure [3a,b](#fig03){ref-type="fig"}), whereas the (TC)~7~ repeat produced a putatively functional form of the gene. We therefore expected all varieties carrying a (TC)~7~ allele to be white-fleshed, but exceptions to this prediction were observed in some varieties.

###### 

Allelic variants of *PpCCD4* as related to phenotype in various white- and yellow-fleshed peach genotypes

                                  *PpCCD4* locus               
  ---------------------- -------- ---------------- ----- ----- ---------------------
  Armking                Yellow   TC~8~/TC~8~      A/A   −/−   USA (B)
  Babygold8              Yellow   TC~7~/TC~7~      A/A   +/+   USA (B)
  Big Top                Yellow   TC~8~/TC~8~      A/A   −/−   USA (B)
  \*Bolinha              Yellow   TC~7~/TC~7~      T/T   −/−   Brazil (B)
  Circe                  Yellow   TC~8~/TC~8~      A/A   −/−   Italy (B)
  Earligold              Yellow   TC~8~/TC~8~      A/A   −/−   USA (B)
  Elberta                Yellow   TC~7~/TC~8~      A/A   +/−   USA (B)
  *\*P. ferganensis*     Yellow   TC~7~/TC~7~      A/A   +/+   Fergana Valley (L)
  Fidelia                White    TC~7~/TC~8~      A/A   −/−   USA (B)
  Flordastar             Yellow   TC~8~/TC~8~      A/A   −/−   USA (B)
  \*GF305                White    TC~7~/TC~7~      A/A   −/−   France (L)
  IF7310828              Yellow   TC~8~/TC~8~      A/A   −/−   Italy (B)
  Imera                  White    TC~7~/TC~7~      A/A   −/−   Italy -- Sicily (L)
  Kamarat                White    TC~7~/TC~7~      A/A   −/−   Italy -- Sicily (L)
  Kurakata Wase          White    TC~7~/TC~8~      A/A   −/−   Japan (B)
  Leonforte              Yellow   TC~7~/TC~8~      T/A   −/−   Italy -- Sicily (L)
  Leonforte1             Yellow   TC~7~/TC~7~      T/T   −/−   Italy -- Sicily (L)
  Lovell                 Yellow   TC~8~/TC~8~      A/A   −/−   USA (L)
  Maruja                 Yellow   TC~7~/TC~8~      T/A   −/−   Spain (L)
  Maycrest               Yellow   TC~8~/TC~8~      A/A   −/−   USA (B)
  Michelini              White    TC~7~/TC~8~      A/A   −/−   Italy (L)
  \*Oro A                Yellow   TC~7~/TC~8~      T/A   −/−   Brazil (B)
  Percoca di Romagna 7   Yellow   TC~8~/TC~8~      A/A   −/−   Italy (L)
  Pillar                 Yellow   TC~8~/TC~8~      A/A   −/−   USA (B)
  \*Quetta               White    TC~7~/TC~8~      A/A   −/−   Pakistan (L)
  Redhaven               Yellow   TC~7~/TC~8~      A/A   +/−   USA (B)
  \*Shaua Hong Pantao    White    TC~7~/TC~7~      A/A   −/−   South China (L)
  \*Shenzhou Mi Tao      White    TC~7~/TC~7~      A/A   −/−   North China (L)
  Silver Rome            White    TC~7~/TC~8~      A/A   −/−   Italy (B)
  Stark Red Gold         Yellow   TC~8~/TC~8~      A/A   −/−   USA (B)
  Stark Saturn           White    TC~7~/TC~8~      A/A   −/−   USA (B)
  Tabacchiera            White    TC~7~/TC~7~      A/A   +/−   Italy -- Sicily (L)
  Weinberger             Yellow   TC~8~/TC~8~      A/A   −/−   USA (B)
  Whitecrest             White    TC~7~/TC~8~      A/A   −/−   USA (B)
  \*Yumyeong             White    TC~7~/TC~7~      A/A   −/−   Korea (B)

Sequence variation in the locus was analyzed by means of a combination of microsatellite genotyping, cloning or direct Sanger sequencing of PCR products, and whole-genome Illumina resequencing for varieties indicated by an asterisk. *P. ferganensis*, previously reported as a different species, may be considered a *P. persica* genotype (Verde *et al*., [@b52]). B, breeding material; L, landraces; W, wild.

![Schema of the *PpCCD4* allele structures and related encoded proteins.\
Different colors for the coding regions are reflective of distinct sequence haplotypes. The microsatellite region and the stop codon are indicated in green and red, respectively. The inverted black triangle and the red diamond indicate the positions of conserved glutamates (E)/aspartates (D) and histidines (H) residues on the protein, respectively.\
(a) A putatively functional form of the gene with a (TC)~7/10~ repeat, encoding a complete protein.\
(b) Haplotype presenting eight dinucleotide TC repeats that causes a truncated protein.\
(c) Ancestral TC~7~ haplotype prior to occurrence of the nonsense mutation.\
(d) Haplotype with (TC)~7~ microsatellite and an SNP at nucleotide position 1519 causing a premature stop codon, resulting in an incomplete protein lacking a histidine and glutamate residues.\
(e) Haplotype with (TC)~7~ microsatellite and an intronic retroelement (RE) insertion. A schematic diagram of a non-autonomous Copia-like retrotransposon (5282 bp) with putative primer binding site (PBS), polypurine tract (PPT) and long terminal repeats (LTR) is shown.](tpj0076-0175-f3){#fig03}

We further investigated the molecular structure of the *PpCCD4* locus, focusing on the varieties that displayed discrepancies between the TC repeat variation and phenotype. Illumina resequencing data available for several varieties (Verde *et al*., [@b51], [@b52]) identified a SNP occurring at position 1519, with an A→T transversion (T1519A) within the second exon of the *PpCCD4* gene, leading to a premature stop codon replacing the one encoding lysine. This mutation was found heterozygously in the Oro A (Brazil), Leonforte (Italy/Sicily) and Maruja (Spain) varieties (Figure [3d](#fig03){ref-type="fig"}) and homozygously in the Leonforte1 (Italy/Sicily) and Bolinha (Brazil) varieties. The homozygous genotypes allowed us to establish that the SNP is in-phase with the functional (TC)~7~ allele at the microsatellite locus, and that it is found within a rare and diverged haplotype carrying additional unique variants. The heterozygous genotypes demonstrated the presence of two independent loss-of-function mutations at the *PpCCD4* locus. Interestingly, resequencing of Imera, a Sicilian white variety, showed that it is homozygous for the same rare haplotype, but does not carry the stop codon, suggesting that it contains the ancestral haplotype prior to occurrence of the nonsense mutation (Figure [3c](#fig03){ref-type="fig"}).

However, the two mutations identified so far did not account for the entirety of the phenotypic variation observed. Four yellow-fleshed varieties ('Babygold8', 'Elberta', 'Redhaven' and *Prunus ferganensis*), carrying at least one functional (TC)~7~ allele at the microsatellite locus and no premature stop codon in position 1519, were further analyzed. Unsuccessful attempts to PCR amplify and/or clone the entire (TC)~7~ allele in these varieties led us to hypothesize that an insertion event may have occurred within the *PpCCD4* gene. A strategy combining long-range PCR and next-generation sequencing of the PCR product was adopted, revealing a heterozygous insertion of 6254 bp in the intron of the *PpCCD4* gene. The inserted sequence showed similarity to the long terminal repeats (LTRs) of a large family of Copia-like retrotransposons, and included a 5 bp target site duplication (CATAT), typical of LTR retroelement (RE) insertion sites (Kim *et al*., [@b31]). A putative primer binding site at position 495, complementary to tRNA-Ala(AGC), and a polypurine tract at position 5744 were also detected, but no coding region was identified in the internal region of the retrotranposon (5282 bp in length), making it a putative non-autonomous element (Figure [3e](#fig03){ref-type="fig"}). The two LTRs of the inserted sequence, 486 bp long with 10 bp canonical inverted terminal repeats, starting with TG and ending with CA, are identical, as expected for a recent insertion (Kijima and Innan, [@b30]). Non-autonomous LTR retroelements that do not encode the proteins necessary for transposition and are mobilized *in trans* by proteins provided by functional (autonomous) elements have been described in many eukaryotic genomes (Havecker *et al*., [@b23]). In the peach reference genome sequence (Verde *et al*., [@b52]), we identified several instances of autonomous elements sharing LTR sequences with the inserted sequence in *PpCCD4*, and estimate the copy number of intact elements of this family to be 57 in the reference sequence.

A PCR assay, using specific primers to detect the insertion, identified the presence of a heterozygous or homozygous insertion in all varieties where the flesh color phenotype was not accounted for by the other two mutations. Sequencing of a PCR-amplified DNA fragment including the microsatellite region and part of the inserted retroelement confirmed the presence of insertions in the haplotype containing the (TC)~7~ allele at the microsatellite in 'Elberta', 'Redhaven' and 'Tabacchiera'. Interestingly, 'Babygold8' and *P. ferganensis* were homozygous for the presence of the retrotransposon, in agreement with their homozygous (TC)~7~/(TC)~7~ condition in the microsatellite region and their yellow flesh color, supporting the hypothesis that the retroelement is responsible for *PpCCD4* locus inactivation and flesh color determination.

Somatic revertants provide evidence that PpCCD4 is causative for the flesh color phenotype
------------------------------------------------------------------------------------------

Evidence that the white allele represents the ancestral condition derives from the observation that resequencing of cherry (*Prunus avium*), apricot (*Prunus armeniaca*) and almond (*Prunus dulcis*) (data not shown) and three ancestral relatives of peach (*Prunus mira*, *Prunus davidiana* and *Prunus kansuensis*) showed the presence of putatively functional haplotypes carrying a (TC)~7~ allele and no premature stop codon in all cases (Table [2](#tbl2){ref-type="table"}). In order to conclusively demonstrate the causal relationship between variation in the gene and the phenotype, we focused on two varieties ('Silver King' derived from 'Armking' and 'Redhaven Bianca' derived from 'Redhaven') that represent natural sport mutations causing reversion of the flesh color phenotype. Simple Sequence Repeat (SSR) analysis with 16 primer pairs (data not shown) using long-living accessions in two Italian locations (Rome and Udine) confirmed the isogenicity between the revertants and the ancestral varieties. In both cases, the presence of yellow pigmentation of the suture in the white variety fruit indicates that they are chimeric mutants, with the mutation having occurred in the L--II apical cell layer, and not in the L--I layer that produces the epidermis and the cells in the suture. In 'Redhaven Bianca', the L--II origin of the mutation is also demonstrated by meiotic transmission of the white phenotype to its progeny (Brandi *et al*., [@b10]). 'Armking' and 'Redhaven' have different genotypes at the *Pp*CCD4 locus, with 'Armking' being homozygous for the frameshift mutation in the microsatellite region \[(TC)~8~/(TC)~8~\] and 'Redhaven' being heterozygous, with one haplotype carrying the microsatellite frameshift mutation (TC)~8~ and the other carrying the retroelement intronic insertion. Sequence analysis of *PpCCD4* in 'Silver King' revealed the presence of a (TC)~10~ allele in addition to the (TC)~8~ present in 'Armking' (Figure [3a](#fig03){ref-type="fig"}): addition of two repeat units in the microsatellite region restores the correct reading frame present in the (TC)~7~ allele by adding two amino acids to the predicted PpCCD4 protein (Figure [S1](#sd1){ref-type="supplementary-material"}), and substantiates the causal relationship between *PpCCD4* and flesh color in peach. The analysis of *PpCCD4* in 'Redhaven Bianca' revealed no variation in the microsatellite region, but absence of the intronic retrotransposon insertion. This was confirmed by both a PCR assay for presence/absence of the insertion as well as sequencing of the haplotype containing the (TC)~7~ microsatellite allele that carries the retrolement insertion in 'Redhaven'. Independent analysis of DNA from the fruit flesh (L--II alone) and the leaf (L--I and L--II) confirmed the periclinal chimeric nature of the 'Redhaven' somatic mutant, as the fruit flesh is homozygous for the absence of the insertion in the (TC)~7~ haplotype, while the leaf tissue is heterozygous (Table [3](#tbl3){ref-type="table"}). Surprisingly, we were unable to detect any evidence of the previous presence of the retroelement in the (TC)~7~ haplotype in 'Redhaven Bianca'.

###### 

Allelic variants of *PpCCD4* as related to phenotype in three ancestral relatives of peach

                            *PpCCD4* locus               
  ----------------- ------- ---------------- ----- ----- -----------
  *P. davidiana*    White   TC~7~/TC~7~      A/A   −/−   China (W)
  *P. mira*         White   TC~7~/TC~7~      A/A   −/−   China (W)
  *P. kansuensis*   White   TC~7~/TC~7~      A/A   −/−   China (W)

See Table [1](#tbl1){ref-type="table"} for description of experiments.

###### 

Allelic variants of *PpCCD4* as related to phenotype in two revertant genotypes

                            *PpCCD4* locus               
  ----------------- ------- ---------------- ----- ----- -----
  Redhaven Bianca   White   TC~7~/TC~8~      A/A   −/−   USA
  Silver King       White   TC~10~/TC~8~     A/A   −/−   USA

See Table [1](#tbl1){ref-type="table"} for description of experiments.

*Transcriptional analysis of* PpCCD4 *haplotypes/alleles*
---------------------------------------------------------

None of the three mutations identified as being causative for the yellow flesh phenotype appear to have a direct effect on transcriptional regulation of the gene. Haplotype analysis in multiple resequenced varieties indicated that the only additional SNP variants in the gene and in the 5′ and 3′ flanking regions are observed in the haplotype carrying the SNP causing the nonsense mutation. However, Brandi *et al*., [@b10]) observed dramatic differences in *PpCCD4* transcript levels when comparing 'Redhaven' and 'Redhaven Bianca'.

Quantitative real-time PCR was used to estimate the transcript levels of *PpCCD4* in the flesh of several peach varieties differing for flesh pigmentation. These results showed that, in general, considerably lower steady-state levels of *PpCCD4* transcripts were observed in yellow-fleshed fruits than in white ones (Figure [4](#fig04){ref-type="fig"}). In addition, we performed quantitative assays to estimate allele-specific transcript abundance by both PCR amplification from cDNA (Salvi *et al*., [@b47]) and from RNA-Seq data. The allele-specific analysis of transcript levels in heterozygous individuals minimizes environmental as well as *trans*-acting effects on transcript abundance. We used the TC microsatellite as the polymorphism to distinguish transcripts derived from the various haplotypes carrying the functionally relevant mutations.

![Relative expression levels of the *PpCCD4* gene in various white- and yellow-fleshed genotypes.\
Expression was determined by quantitative real-time PCR. Values are means ± standard deviations of three replicates.](tpj0076-0175-f4){#fig04}

Genomic DNA and cDNA from fruit of varieties representative of all the functional mutations identified were used as template for microsatellite analysis. Peak height was used to estimate the relative amount of DNA and mRNA (as cDNA) for the two alleles (Table [4](#tbl4){ref-type="table"}). When the yellow (TC)~8~ haplotype was compared against two white \[(TC)~7~ and (TC)~10~\] and two yellow haplotypes \[(TC)~7~ + RE insertion and (TC)~7~ + T/A nonsense SNP\], the relative transcript levels for the yellow haplotypes were considerably lower than those for the white ones (from 7--13-fold), and similar to one another (Table [5](#tbl5){ref-type="table"}). The somatic mutations resulting in a frameshift from (TC)~8~ to (TC)~10~ ('Armking' → 'Silver King') and absence of the RE insertion ('Redhaven' → 'Redhaven Bianca') corresponded to major and very similar increases in transcript levels (13.5- and 13.4-fold, respectively). Taken together, these data convincingly indicate that the various mutations causing the yellow flesh phenotype result in large differences in steady-state levels of the transcript, even though they do not appear to affect transcriptional regulation of the gene. Additional support for this hypothesis comes from the observation that whole-genome resequencing analysis of a number of genotypes (Verde *et al*., [@b52]; M. Morgante, unpublished results) reveals no additional variant between the (TC)~8~ and (TC)~7~ haplotypes (not carrying the nonsense SNP), either in the UTRs or in the promoter regions, when searching for both SNPs as well as small and large insertion/deletion polymorphisms. RNA-Seq data from 'Silver King' and 'Armking', in addition to confirming these results, allowed us to observe that a much higher proportion of spliced versus unspliced transcripts are present in 'Silver King' than 'Armking' (15.3 versus 1.5 ratio). Assuming that the unspliced transcripts correspond largely to contaminating pre-mRNA, this evidence suggests that the mutation plays a role in a mechanism affecting transcript stability through degradation rather than transcriptional regulation. Additionally, an analysis of the yellow 'Redhaven' transcriptome was performed in order to determine whether mature functional mRNA deriving from the retrotransposon-mutated allele may be detected. Microsatellite analysis performed on total cDNA, obtained from yellow 'Redhaven' flesh, revealed the presence of two peaks (Figure [S2a](#sd2){ref-type="supplementary-material"}) corresponding to the (TC)~7~ and (TC)~8~ alleles. This led us to further investigate the structure of the molecules containing the (TC)~7~ repeat. To this end, both a traditional and a long-range PCR approach were adopted, using cDNA as the template and specific primers for start and stop codon regions. No fragments of aberrant length, but only products of approximately 1800 bp that are compatible with normal *PpCCD4* transcription, were detected. Therefore, a microsatellite amplification was performed on these products, and the presence of a single peak, corresponding to the (TC)~8~ allele, was observed (Figure [S2b](#sd2){ref-type="supplementary-material"}). These results support the absence of mature and functional transcripts of the (TC)~7~ allele in the yellow 'Redhaven' genotype, even though a small percentage of *PpCCD4* mRNA presumably lacking the 5′ and/or 3′ terminal regions may contain the (TC)~7~ repeat.

###### 

Peak heights obtained by detection of (TC)~*n*~ repeats during microsatellite analysis of genomic DNA and cDNA from varieties representative of all functionally relevant mutations identified

  Sample                 Sequence haplotype   Peak height   Peak height ratio
  ---------------------- -------------------- ------------- -------------------
  Redhaven DNA           TC~7~ + RE           9699          1.17
  TC~8~                  8258                               
  Redhaven Bianca DNA    TC~7~                10 005        1.16
  TC~8~                  8596                               
  Redhaven cDNA          TC~7~ + RE           10 693        0.63
  TC~8~                  16 980                             
  Redhaven Bianca cDNA   TC~7~                23 265        8.36
  TC~8~                  2784                               
  Silver King DNA        TC~10~               6813          0.62
  TC~8~                  10 902                             
  Silver King cDNA       TC~10~               21 712        8.44
  TC~8~                  2574                               
  Leonforte DNA          TC~7~ + SNP          17 039        1.20
  TC~8~                  14 238                             
  Leonforte cDNA         TC~7~ + SNP          12 613        1.28
  TC~8~                  9833                               

The peak height ratio column shows the relative amount of the two alleles in all heterozygous genotypes.

###### 

Relative allelic expression levels for heterozygous varieties representative of all functionally relevant mutations. The ratio of the two alleles in the transcript pool of each heterozygous variety was derived by normalizing cDNA ratios on the basis of the peak height ratios obtained from genomic DNA indicating a perfect proportion (1:1) of the two alleles

  Variety           Haplotypes        Locus alleles   Normalized relative allelic expression levels
  ----------------- ----------------- --------------- -----------------------------------------------
  Redhaven          TC~7~+RE/TC~8~    Yellow/yellow   0.536
  Redhaven Bianca   TC~7~/TC~8~       White/yellow    7.180
  Silver King       TC~10~/TC~8~      White/yellow    13.498
  Leonforte         TC~7~+SNP/TC~8~   Yellow/yellow   1.072

Discussion
==========

The flesh color of peach fruit has important implications for nutritional quality, particularly in terms of carotenoid levels (Gil *et al*., [@b20]; Cazzonelli and Pogson, [@b14]), and the genetic control of this trait by a single locus (*Y*) has been known for a long time (Connors, [@b15]; Bailey and French, [@b4]).

Carotenoid accumulation in various tissues and organs is the final result of biosynthesis, degradation and stable storage of synthesized products (Cazzonelli and Pogson, [@b14]). In many cases, the transcriptional regulation of carotenogenic gene expression has been shown to be essential in controlling specific carotenoid accumulation (Fray and Grierson, [@b18]; Harjes *et al*., [@b22]; Blas *et al*., [@b6]; Kachanovsky *et al*., [@b28]). However, other studies have demonstrated that the pool of carotenoids is at least partly determined by the rate of degradation by CCDs, which appear to have various substrate preferences (Auldridge *et al*., [@b3]; Campbell *et al*. 2008, Kato *et al*., [@b29]; Mathieu *et al*., [@b37]; Ohmiya *et al*., [@b39]).

The goal of identification of the gene controlling peach fruit flesh color has been pursued for a long time by various research groups. As reported in Williamson *et al*. ([@b56]), the presence of a dominant allele results in lack of orange pigmentation, suggesting that the *Y* gene controls a step in carotenoid biochemical pathways, or degradation of one or more specific carotenoids. Indeed, the *CCD4* gene has recently been proposed to be responsible for carotenoid degradation in a white peach variety (Brandi *et al*., [@b10]), and the results of our study are consistent with this hypothesis. We identified a transcript (ppa006109) encoding a CCD protein highly similar to isoform 4 of other species on chromosome 1 of the peach genome (<http://www.rosaceae.org/species/prunus_persica/genome_v1.0>). The availability of several peach accessions enabled us to substantiate the hypothesis that this candidate gene (named *PpCCD4*) is solely responsible for controlling fruit flesh color.

Examination of 37 peach genotypes and three ancestral relatives of peach (*P. mira*, *P. davidiana* and *P*. *kansuensis*) allowed identification of four variants at the locus: (i) the dominant functional allele, encoding a 597 amino acid polypeptide present in the homozygous or heterozygous state in white-fleshed fruit, (ii) a crucial frameshift mutation causing a premature stop codon in a hypervariable (TC)~*n*~ microsatellite region located 47 nucleotides downstream of the start codon, (iii) an SNP occurring at position 1519 with a T/A transversion leading to a premature stop codon embedded within a diverged haplotype, and (iv) an intronic LTR retrotransposon insertion affecting *PpCCD4* transcript stability. Remarkably, two putatively inactive forms of the gene are always recognized in yellow-fleshed genotypes in various arrangements.

The haplotypes of yellow peaches appear to have arisen from various white ones by independent mutation events, and the analysis of ancestral relatives of peach, with white flesh and functional haplotypes, lends support to this hypothesis. All three main mutational mechanisms generating diversity in plants, i.e. point mutations, replication slippage and transposable element movement, appear to have contributed to the diversification of flesh color in peach.

We have identified a retrotransposon insertion that accounts for a proportion of the variation in flesh color, similar to what has been identified in orange and grape (Kobayashi *et al*., [@b32]; Butelli *et al*., [@b11]). In this study, an enzyme directly involved in pigment degradation is involved in the mutational event, rather than a transcription factor.

The correlation between phenotypic variation and molecular analyses provides evidence for a causal relationship between the *PpCCD4* mutation and flesh color in peach. Somatic revertants offer a conclusive confirmation of this model. As was somewhat to be expected on the basis of the known mutation rates, revertants were observed only for two of the three yellow haplotypes, i.e. those involving replication slippage and transposable element insertion, and not for the one involving a nucleotide substitution. 'Silver King' and 'Redhaven Bianca' are white-fleshed peaches arising as bud sport mutants of the original yellow varieties 'Armking' and 'Redhaven', respectively. In both cases, the presence of yellow pigmentation at the suture in the white variety fruit indicates that they are chimeric mutants, with the mutation having occurred in the L--II apical cell layer and not in the L--I layer producing the epidermis and the cells in the suture. However, whereas the change in the number of TC repeats in a microsatellite region originating in 'Silver King' was fully expected, the mechanism by which 'Redhaven Bianca' originates appears to be more complex. The yellow ancestral genotype represents the first example in peach of a natural retroelement-mediated gene inactivation as the origin of variation, and it is thought to be isogenic with 'Redhaven Bianca' except for the mutation causing the change in flesh color. The presence of the retroelement insertion in the leaf DNA (derived from all histogenic layers) and its absence in fruit flesh DNA in 'Redhaven Bianca' supports the hypothesis that a mutation involving only L--II has occurred in 'Redhaven' and is causative for white flesh.

The vast majority of LTR retrotransposons do not excise and may cause reversion events through unequal homologous recombination between the two LTRs, leaving a solo LTR that is often no longer sufficient to cause gene inactivation \[see Kobayashi *et al*. ([@b32]) for an example related to fruit color\]. These insertions are irreversible, rarely undergoing precise excision (Huang *et al*., [@b25]), but the occurrence of precise excision of a *Drosophila* retrotransposon (Kuzin *et al*., [@b33]) suggests that a similar process is conceivable, even if it is almost impossible to provide direct proof of this event. An alternative hypothesis is that rare cells present in 'Redhaven', representing the ancestral status prior to the retroelement insertion, may have substituted, via displacement, the histogen involved in fruit and gamete development. Chimerism in peach was first studied as variability in the level of ploidy (cytochimeras), and histogenetic factors determining peach sports have been known for decades. The difference in the pattern of tissues developed from the L--II and L--III layers in chimeric fruits is due to a variable rate of mitotic activity in different portions of the tissues derived from the two layers (Dermen, [@b16]; Yeager and Meader, [@b57]). However, invasion of a cell layer by mutated underlying cells has been well documented in grape (Walker *et al*., [@b55]). In this respect, the L--III layer may represent a 'reserve' of ancestral cells, but further studies on cell layer-specific genotyping are required to provide new information concerning this hypothesis.

Taken together, our data demonstrate that yellow pigmentation results in two of three haplotypes from loss of function of the *PpCCD4*-encoded protein and in all three cases from mutations that occur within the transcribed region of the gene However, interestingly, the quantitative real time--PCR analysis revealed that the mutations determining yellow flesh also result in significantly lower levels of *PpCCD4* transcripts. As flesh color appears to be controlled by a single gene, the reason for this differential expression must be found at the locus itself. Support for this hypothesis is also provided by the observation that phenotypic reversion from yellow to white resulting from mutations that restore the correct reading frame is accompanied by restoration of the steady-state transcript levels observed in the ancestral white haplotype. The marked imbalance in the allelic expression of heterozygous white genotypes indicates that the various mutations causing yellow flesh result in large differences in steady-state levels of the transcript, probably affecting its stability, as also supported by RNASeq data obtained from Armking and Silver King. This may be a result of nonsense-mediated mRNA decay, which detects premature stop codons to target the transcripts for degradation (van Hoof and Green, [@b24]). It is likely that alleles affected by both the microsatellite mutation and the SNP, occurring in exons 1 and 2, respectively, may be subject to nonsense-mediated mRNA decay (Figure [S3](#sd3){ref-type="supplementary-material"}), as this mechanism in plants may be independent of the exon--exon junction position (van Hoof and Green, [@b24]). On the other hand, the absence of mature and functional transcripts of the allele containing the retroelement has also been established in this work, and may originate from improper intron splicing determined by the presence of a transposable element. It is therefore evident that, in addition to providing examples of a variety of mutational mechanisms that result in phenotypic diversity, the *PpCCD4* gene also provides an example of a gene for which a variety of mechanisms result in wide differences in transcript levels without involving control of transcription.

Unlike other traits in both plants and animals \[e.g. white berries in wine grape varieties (Kobayashi *et al*., [@b32]), yellow endosperm in maize (Palaisa *et al*., [@b40]), alternate gaits in horses (Andersson *et al*., [@b2]), and short legs in dogs (Parker *et al*., [@b41])\], where a single mutation on a single background haplotype has been selected by humans in their attempt to improve plant or animal breeds, the *PpCCD4* gene provides a unique example of a gene for which humans have been able to exploit a variety of mutations resulting from a variety of mechanisms. Association mapping relying on linkage disequilibrium of such a gene would be particularly challenging as a consequence of two independent factors: allelic heterogeneity on one hand, and the fact that two of the mutations causing the yellow phenotype occurred very recently in the same haplotype background as the ancestral white variant. The analysis of somatic mutants showing revertant phenotypes proved extremely valuable in determining the causal relationship between the *PpCCD4* gene and yellow flesh. Somatic mutants are widely available in vegetatively propagated fruit trees, and represent a very important resource for future attempts to link genotype to phenotype.

Experimental procedures
-----------------------

### Plant material

Twenty-one genotypes of yellow-fleshed peach ('Armking', 'Babygold8', 'BigTop', 'Bolinha', 'Circe', 'Earligold', 'Elberta', *P*. *ferganensis*, 'Flordastar', IF7310828, 'Leonforte, 'Leonforte1', 'Maruja', 'Maycrest', 'Oro A', 'Percoca di Romagna 7', 'Pillar', PLov2--2N, 'Redhaven', 'Stark Red Gold' and 'Weinberger') and 16 accessions of white-fleshed genotypes ('Fidelia', 'GF305', 'Imera', 'Kamarat', 'Kurakata Wase', 'Michelini', 'Quetta', 'Redhaven Bianca', 'Shaua Hong Pantao', 'Shenzhou Mitao', 'Silver Rome', 'Silver King', 'Stark Saturn', 'Tabacchiera', 'Whitecrest' and 'Yumyeong'), plus three wild peach relatives (*P*. *mira*, *P*. *davidiana* and *P*. *kansuensis*) were analyzed in this study. 'Redhaven Bianca' and 'Silver King' are two sport mutation of the cultivars 'Redhaven' and 'Armking', respectively. 'Bolinha', *P*. *mira* and *P*. *davidiana* were grown at the Institut National de la Recherche Agronomique in Avignon (France) and 'Leonforte' was grown at the University of Palermo, Italy. 'Redhaven' peach trees (yellow and white) were grown at the experimental farm of Udine University (north-eastern Italy). All other varieties were grown at the Consiglio per la Ricerca e la Sperimentazione in Agricoltura -- Centro di Ricerca per la Frutticoltura experimental farm (Rome, Italy). From all accessions, young leaves or fruit were collected and stored at −80°C for DNA or RNA extraction.

### DNA and RNA extraction

Peach leaf tissues were ground in liquid nitrogen and DNA was extracted as described by Zhang *et al*. ([@b58]) with minor modifications.

Total RNA was obtained from the mesocarp of peach fruit at harvest as described by Falchi *et al*. ([@b17]). The final RNA pellet was resuspended in RNase-free water and checked for integrity on a 1% agarose gel. RNA samples were stored at −80°C.

### cDNA synthesis and quantitative real-time PCR analysis

A 10 μg aliquot of total RNA was treated with DNase (Promega, [www.promega.com](http://www.promega.com)) to remove contamination by genomic DNA. The reaction mix was incubated at 37°C for 30 min, and the RNA was purified and concentrated using an RNeasy MinElute clean-up kit (Qiagen, [www.qiagen.com](http://www.qiagen.com)), according to the manufacturer's instructions. An aliquot of RNA was quantified using a NanoDrop 1000 spectrophotometer ([www.nanodrop.com](http://www.nanodrop.com)), and electrophoretically separated on a 1% agarose gel to check integrity. Reverse transcription on purified RNA was performed using the Superscript VILO cDNA synthesis kit (Invitrogen, [www.invitrogen.com](http://www.invitrogen.com)) according to the manufacturer's instructions.

Specific primers, amplifying a 111 bp region, were designed on the ppa006109 transcript (forward 5′-GGTTTGATGTGCCTGGTTTT-3′; reverse 5′-AGCAGAGCACACAATGGAGA-3′), and used to perform quantitative RT--PCR reactions with SYBR^*®*^ Green PCR Master Mix (5PRIME, [www.5prime.com](http://www.5prime.com)) in an MJ Opticon 2 system (BIO-RAD, [www.bio-rad.com](http://www.bio-rad.com)). All experiments were performed in triplicate under the same conditions: first step at 50°C for 2 min, denaturation step at 95°C for 3 min, followed by 41 cycles of 94°C for 15 sec, 56°C for 20 sec and 72°C for 30 sec.

All quantifications were normalized to ubiquitin-conjugating enzyme (accession number BF717254) amplified under the same conditions with primers 5′-CCCACCTGATTACCCTTTCA-3′ (forward) and 5′-GATCTGTCAGCAGTGAGCA-3′ (reverse). Differences in *PpCCD4* gene expression among fruits of different varieties were calculated according to the ΔΔ*C*~t~ method (Pfaffl, [@b42]).

### Identification of the candidate gene controlling peach fruit flesh color

The coding sequence from apple MdCCD4 (ABY47995) was used as query sequence to perform a tblastx search of the peach genome (<http://services.appliedgenomics.org/blast/public/>). The best match (E--value 0.0, identity 86%) corresponded to the second exon (scaffold_1: 25 640 331--25 641 440) of a predicted transcript (ppa006109) in the peach genome (<http://services.appliedgenomics.org/fgb2/iga/prunus_public/gbrowse/prunus_public/>). The localization of the ppa006109 transcript in scaffold_1 made this gene a good candidate for flesh color determination.

### CCD4 sequence retrieval and alignment, and phylogenetic tree construction

Protein sequences of CCD4 in various species were identified by searching public databases available at NCBI (<http://www.ncbi.nlm.nih.gov>), and multiple alignments of amino acid sequences were produced using the web-based version of ClustalW (<http://www.ebi.ac.uk/Tools/msa/clustalw2/>). The multiple sequence alignment obtained was used to create a bootstrap consensus tree inferred from 1000 replicates. The tree topology was generated by the neighbor-joining method of MEGA version 4 software (Tamura *et al*., [@b49]), with bootstrap support at critical nodes indicated as percentages.

### Detection of microsatellite variation and allele-specific expression assay

Genomic DNA samples from various accessions, extracted as previously described, were used as PCR templates for microsatellite (TC)~*n*~ region amplification. The reaction included specific primers (5′-GCAGTGAAGGGCAATACCAG-3′ and 5′-TGTGGAGGTGGGTTTTGAAG-3′), and the forward oligonucleotide was labeled with a fluorescent dye (6-fluorescein amidite, 6--FAM). PCR reactions were performed using HotMaster Taq DNA polymerase (5PRIME) according to the manufacturer's instruction. PCR products were diluted 1:100, and 2 μl were added to 0.2 μl of a GS500 LIZ size standard and 78 μl of Hi-Di formamide (Applied Biosystems, [www.appliedbiosystems.com](http://www.appliedbiosystems.com)) and separated by capillary electrophoresis using an ABIPrism 3730xl DNA analyzer (Applied Biosystems). Alleles were called and sized using GeneMapper software (Applied Biosystems).

The polymorphisms determined by the length of the microsatellite were utilized for a quantitative allele-specific expression assay. In detail, the amount of each of the two different-sized alleles represented in the PCR product was estimated by measuring the corresponding peak height. The same analysis was performed in both genomic DNA (as a control) and cDNA. As expected, the allele ratios in genomic DNA did not substantially deviate from unity in all genotypes analyzed, and they were used for cDNA peak ratio normalization. Normalized allelic cDNA ratios deviating from unity indicate differential expression of the two alleles.

### *Cloning and sequencing of* PpCCD4

A targeted sequencing approach was adopted in order to examine the polymorphism of *PpCCD4* alleles from non-resequenced varieties. To this purpose, PCR reactions were performed using HotMaster Taq DNA polymerase (5PRIME) according to the manufacturer's instructions with specific primers. The primers 5′-GGGTGATCCAATGCCTAAGA-3′ (forward) and 5′-GGCTCTCTAGCCACGAAAAA-3′ (reverse) were used for SNP detection. The primers 5′-AGAATGTGGTCCCCTCCTCT-3′ (forward) and 5′-TGGTCAGATTTGCACTCACC-3′ (reverse), designed on UTR regions, were used for amplification of the complete gene. PCR products were purified using Agencourt magnetic beads (Beckman Coulter, [www.beckmancoulter.com](http://www.beckmancoulter.com)), and subjected to direct Sanger sequencing on an ABIPrism 3730xl DNA analyzer (Applied Biosystems) using Big Dye Terminator chemistry. When an accurate distinction between two alleles in heterozygous genotypes was necessary, a cloning step was included before sequencing the PCR products. Cloning was performed using a TOPO TA cloning kit with Top 10 F′ cells (Invitrogen), and samples were purified using the Wizard Plus Minipreps kit (Promega).

### Isolation and de novo assembly of LTR retrotransposons from the Redhaven genotype

A long-range PCR reaction was optimized in order to test the hypothesis of a large insertion at the *PpCCD4* locus in the yellow-fleshed Redhaven genotype. In detail, two high-*T*~m~ primers flanking the gene were designed (forward 5′-TCCCATTTTGCAGTGAAGGGCAAT-3′; reverse 5′- CGGGGCAGCCTCACATCTGC-3′) and used to perform the PCR reaction with AccuTaq LA DNA polymerase (Sigma-Aldrich, [www.sigmaaldrich.com](http://www.sigmaaldrich.com)) according to the manufacturer's instructions. The following protocol was used: 30 sec at 98°C, 25 cycles of 15 sec at 94°C, 20 sec at 65°C and 23 min at 68°C, and a 10 min final elongation time. As expected, the PCR reaction generated a double product (corresponding to the two alleles with and without the insertion). The longest product (approximately 8000 bp) was extracted and purified from the agarose gel using an E.Z.N.A.® gel extraction kit (Omega Bio--tek, [www.omegabiotek.com](http://www.omegabiotek.com)), suitable for large PCR product purification. An additional step of precipitation with ethanol and sodium acetate was added in order to avoid possible interference of kit reagents with subsequent downstream applications. The result of purification was checked by gel electrophoresis, and the product was quantified using a Qubit™ fluorometer (Invitrogen). Finally, a library was prepared for Illumina sequencing using Illumina Nextera library preparation kits (Epicentre Biotechnologies, [www.epibio.com](http://www.epibio.com)), and sequenced using an Illumina MiSeq reagent kit v1 (300 cycles), producing 196 186 paired end reads of 150 bp long for a total of 58.9 Mb, corresponding to more than 7000 x coverage of the region. Reads were trimmed for low-quality regions using rNA (Vezzi *et al*., [@b53]) and assembled *de novo* using CLC Genomics Workbench 5.1 (CLC Bio, [www.clcbio.com](http://www.clcbio.com)) with default parameters except *k-*mer size, which was set to 51.

### PCR screening for LTR retrotransposon insertion

PCR-based screening was performed in order to determine the absence/presence of the LTR retrotransposon in various genotypes, and its homozygous/heterozygous status in the genome. Four primers were used (Table [S2](#sd5){ref-type="supplementary-material"}): forward primer RE1 and reverse primer RE4, which are specific to the gene of interest, and primers RE2 and RE3, which are complementary to the LTR sequences. For each genotype, three PCR reactions were performed: one using primers RE1 and RE2, a second with primers RE3 and RE4, and a third using primers RE1 and RE4. Products of the PCR reactions were detected by agarose gel electrophoresis. The third reaction was expected to be successful only in absence of the retrotransposon insertion; both reactions involving primers based on LTR regions were associated with retrotransposon presence. The occurrence of all three products in the PCR indicated heterozygous retrotransposon insertion.
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